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ABSTRACT: The determination of the high-resolution three-dimensional solution structure of interleukin 
lp  (IL-ID), a protein of 153 residues and 17.4 kDa, which plays a central role in the immune and in- 
flammatory responses, has been determined by heteronuclear (13C and 15N) three- and four-dimensional 
NMR spectroscopy. The structure is based on 3 146 experimental restraints comprising 2780 distance and 
366 torsion angle (4, +, and x,) restraints. A total of 32 simulated annealing structures are calculated, 
and the atomic R M S  distribution about the mean coordinate positions is 0.41 f 0.04 A for the backbone 
atoms and 0.82 f 0.04 A for all atoms (excluding residue 1 a t  the N-terminus and residues 152 and 153 
a t  the C-terminus, which are partially disordered). In the case of internal side chains with a surface 
accessibility of 140%, the atomic R M S  distribution about the mean coordinate positions for all atoms is 
0.49 zk 0.03 A. IL-lD resembles a tetrahedron and is composed of 12 @strands arranged in three pseu- 
dosymmetric topological units, each of which comprises 5 strands. Analysis of the mutational data on IL-ID 
in the light of the three-dimensional structure suggests the presence of three distinct binding sites for the 
IL-1 receptor on the surface of the protein. It is suggested that each of the three immunoglobulin domains 
which comprise the extracellular portion of the IL-1 receptor recognizes one of these sites. 

Interleukin 10 (IL-l@)I is a protein of 153 residues and 17.4 
kDa that plays a central role in the immune and inflammatory 
responses [see Dinarello (1989) for a review]. Its wide-ranging 
biological activities include the stimulation of B-lymphocyte 
proliferation, thymocyte proliferation via the induction of in- 
terleukin 2 release, prostaglandin and collagenase release, and 
stimulation of interleukin 2 and c-jun transcription. As part 
of a research effort designed to elucidate structure-function 
relationships in IL-10, we have been engaged over the past 
five years in a long-term NMR study with the eventual aim 
of determining its solution structure at high resolution. 

In terms of the number of residues, IL-I@ is about 1.5 times 
larger than the largest protein structures determined to date 
by NMR, namely, those of Escherichia coli (Dyson et al., 
1990) and human (Forman-Kay et al., 1991) thioredoxin (108 
and 105 residues, respectively). Because of its large size, a 
solution structure determination of IL-10 by NMR presents 
a formidable problem. Indeed, conventional 2D NMR 
methods could not be applied successfully to IL-lp owing to 
extensive spectral overlap, as well as problems associated with 
increased line widths commonly found for proteins in the 15-20 
kDa range. In a series of recent papers, we therefore developed 
and exploited a range of 3D heteronuclear double- and tri- 
ple-resonance NMR experiments to obtain complete 'H, 15N, 
and I3C resonance assignments for both the backbone (Driscoll 
et al., 1990a) and side chains (Clore et al., 1990a), to delineate 
elements of regular secondary structure (Driscoll et al., 1990b), 
to identify and localize bound water molecules (Clore et al., 
1990b), and to analyze the backbone dynamics (Clore et al., 
1990~) .  In addition, we were able to determine a low-reso- 
lution 3D structure on the basis of a small number of NOEs 
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(446) involving solely backbone protons derived principalty 
from a 3D I5N-edited NOESY spectrum (Clore et al., 1990d). 
However, even with 3D 15N- and 13C-edited NOESY spectra 
in hand, we were unable to unambiguously assign a large 
enough number of NOEs to permit the determination of a 
high-resolution structure of the quality now attainable for small 
proteins (Kraulis et al., 1989; Qian et al., 1989; Clore et al., 
1990e). To resolve this impasse, we resorted to increasing the 
dimensionality of the spectra still further and recently dem- 
onstrated the feasibility of both 4D l5N/I3C- and I3C/l3C- 
edited NOESY spectroscopy to virtually completely remove 
ambiguities in the assignment of NOEs (Kay et al., 1990; 
Clore et al., 1991a). The present paper represents the cul- 
mination of these efforts and describes the determination of 
a high-resolution structure of IL- 16 in solution based on 
heteronuclear 3D and 4D NMR spectroscopy. 

EXPERIMENTAL PROCEDURES 
Uniformly (>95%) lSN- and/or I3C-labeled protein was 

prepared and purified as described previously (Gronenborn 
et al., 1986; Clore et al., 1990a). All samples for NMR 
contained 1.7 mM protein in either 90 mM phosphate buffer, 
pH 5.4, or 150 mM sodium acetate-d3 buffer, pH 5.4, dissolved 
in either 90% H,0/10% D,O or 99.996% D,O. All spectra 
were recorded on a Bruker AM600 spectrometer at 36 OC, 
and examples of the quality of the spectra are found in previous 
publications (Driscoll et al., 1990a,b; Clore et al., 1990a,b, 
1991a,b; Kay et al., 1990). NOES were assigned from 3D and 
4D heteronuclear edited NOESY spectra recorded with mixing 
times ranging from 80 to 110 ms [Le., 3D IH-15N NOESY- 
HMQC (Marion et al., 1989a,b; Zuiderweg & Fesik, 1989), 
'H-13C NOESY-HMQC (Ikura et al., 1990; Zuiderweg et 
al., 1990), 4D I5N/l3C-edited NOESY (Kay et al., 1990), and 

I Abbreviations: IL-ID, interleukin ID; NOE, nuclear Overhauser 
effect; NOESY, nuclear Overhauser enhancement spectroscopy; HOH- 
AHA, homonuclear Hartmann-Hahn spectroscopy; HMQC, heteronu- 
clear multiple-quantum coherence; 2D, two dimensional; 3D, three di- 
mensional; 4D, four dimensional. 
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4D 13C/13C-edited N O S Y  (Clore et al., 1991a)l. In the case 
of intraresidue NOES, we made use of 3D 'H-"N ROESY- 
HMQC (Clore et al., 1990b) and 3D IH-I3C ROESY-HMQC 
(Clore et al., 1991b) spectra recorded with mixing times of 
33 and 22 ms, respectively, as well as some short mixing time 
(30-50 ms) IH-ISN and IH-l3C NOESY-HMQC spectra. 
) J H N a  coupling constants were obtained from an HMQC-J 
spectrum (Kay & Bax, 1990), as reported previously (Driscoll 
et at., I990b). 3Jag coupling constants were either obtained 
from a 2D 'H-'H PE-COSY (Mueller, 1987) spectrum in 
those cases where the C"H-CsH cross peaks were sufficiently 
well resolved to measure the passive couplings from the reduced 
multiplets or ascertained in a semiquantitative manner (Clore 
et al., 1991 b) from the relative intensities of the NH-CBH 
cross peaks in a 3D IH-ISN HOHAHA-HMQC spectrum 
recorded with a 30.7-ms DIPSI-2 (Shaka et al., 1988) mixing 
sequence. The semiquantitative analysis was sufficient to 
assess whether the 3Jna coupling was <4 Hz, > I O  Hz, or 
between 6 and 8 Hz, the latter being indicative of confor- 
mational averaging (Clore et al., 1991b). 

The NOES were classified into strong, medium, and weak 
corresponding to interproton distance restraints of 1.8-2.7, 
1.8-3.3 (1.8-3.5 8, for NOES involving N H  protons), and 
1.8-5.0 A, respectively (Clore et at., 1986). Upper distance 
limits for distances involving methyl protons and nonstereo- 
specifically assigned methylene protons were corrected ap- 
propriately for center averaging (Wuthrich et al., 1983), and 
an additional 0.5 A was added to the upper distance limits for 
NOES involving methyl protons (Clore et al., 1987). Ste- 
reospecific assignments and @,I), and xl  torsion angle restraints 
were derived on the basis of sequential and intraresidue NOES 
and the 3JHNn and 3Jas coupling constants by using the con- 
formational grid search program STEREOSEARCH (Nilges et 
at., 1990). The minimum ranges employed for 4, $, and xI  
torsion angle restraints were f30°,  f50° ,  and f20°, respec- 
tively (Kraulis et al., 1989). 

The structures were calculated by using the hybrid distance 
geometry-dynamical simulated annealing method of Nilges 
et al. (1988) with a few minor modifications (Clore et al., 
1990d,e). This makes use of the program DISGEO (Havel, 
1986) to calculate an initial set of substructures comprising 
about a third of the atoms by projection from n-dimensional 
distance space into Cartesian coordinate space, followed by 
simulated annealing including all atoms with the program 
XPLOR (Briinger, 1988). As in previous NMR structure de- 
terminations from this laboratory (Kraulis et al., 1989; Clore 
et al., 1990e; Forman-Kay et al., 1991), an iterative procedure 
was employed. At the end of this process, all slowly ex- 
changing NH protons could be accounted for by specific hy- 
drogen bonds, and stereospecific assignments were obtained 
for 81 of the 121 residues with @-methylene protons, for all 
a-methylene protons of Gly, for the methyl groups of 10 of 
the 1 I Val residues, and for the methyl groups of 12 of the 
13 Leu residues. It should also be noted that, in the case of 
the majority of residues for which stereospecific assignments 
of @-methylene protons could not be obtained, the 3Jaa COU- 
p h g s  were in the 6-8-Hz range and the STEREOSEARCH 
(Nilges et at., 1990) program was unable to find any xI torsion 
angles compatible with the NMR data. Both these observa- 
tions are indicative of multiple side-chain conformations, and 
not surprisingly, these residues were found to be located on 
the surface of the protein. At the very final stage of the 
refinement process, 7 of the 11 bound water molecules that 
had been identified previously by 3D 15N-edited ROESY 
spectroscopy (Clore et al., 1990b) were added (see Results and 
Discussion). 

The final structures were computed on the basis of 3146 
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experimental restraints. These comprised a total of 2630 
interproton distance restraints, 1 14 distance restraints for 57 
hydrogen bonds, 36 distance restraints relating to hydrogen 
bonds involving the 7 bound water molecules, and 366 torsion 
angle restraints (involving 152 4, 115 #, and 99 xI  torsion 
angles). Of the 57 hydrogen bonds, 55 involved backbone 
NH-CO hydrogen bonds in @-sheets and @-turns. The re- 
maining two involved side-chain to backbone NH hydrogen 
bonds in a turn between the carboxylate group of Asp-I2 and 
the NH protons of Gln-14 and Lys-16. 
RESULTS AND DISCUSSION 

The Converged Structures. A total of 32 final simulated 
annealing structures were obtained. The structural statistics 
are given in Table I, and superpositions of the backbone atoms 
are shown in Figure 1. With the exception of residue 1 at 
the N-terminus and residues 152 and 153 at  the C-terminus, 
which are partially disordered, the structure is exceptionally 
well defined with a backbone atomic RMS distribution of the 
individual structures about the mean coordinate positions of 
0.41 f 0.04 8, (cf. Figure 2A). In addition, the average 
angular RMS difference for the 4 and $ torsion angles is 9.1 
f 7.3O, and all the backbone torsion angles lie within the 
allowed regions of the Ramachandran plot ("igure 2B). In 
this regard it should be noted that, in addition to some Gly 
residues, a number of Asp and Asn residues have positive 4 
angles, and all of these residues are located in turns. The 
largest backbone deviations occur in the loop regions (cf. 
Figures 1 and 2A) and are associated with hinge motions 
involving one or two residues rather than an increase in local 
disorder. For example, the increase in the atomic RMS dis- 
tribution for residues 31-36 (Figure 2A) is due to an increase 
in the angular RMS difference for the $ angle of residues 30 
and 36 and the 4 angle of residue 3 1. Similarly, in the case 
of residues 48-55, much of the increase in atomic RMS dis- 
tribution can be attributed to the increase in the angular RMS 
difference for $ of residue 5 1 and 4 of residue 52. The internal 
side chains are also very well defined, and the atomic RMS 
distribution about the mean coordinate positions is 0.49 f 0.03 
A for all atoms of residues exhibiting 140% surface acces- 
sibility. Not surprisingly, surface side chains, and in particular 
residues with longer side chains such as Lys and Arg, tend to 
be partially disordered, especially beyond the C' position. 

Description of the Structure. The overall structure resem- 
bles a tetrahedron and displays internal 3-fold pseudosym- 
metry. There are 12 @-strands arranged in an exclusively 
antiparallel @-structure (Table 11). Six strands (strands I, 
IV, V, VIII, IX, and XII) form a @-barrel, which is closed off 
at  the back of the molecule by the other six strands. All the 
strands are regular with the exception of strand IV, which has 
a @-bulge from residues 46 to 49. Each repeating topological 
unit comprises five strands arranged in an antiparallel manner 
with respect to each other, and best fit superpositions of the 
backbone atoms of the three topological units together with 
the interface between them are shown in Figure 3. The 
backbone hydrogen bonding is essentially identical with that 
previously described on the basis of a qualitative interpretation 
of the NOE data (Driscoll et al., 1990b). 

Three pairs of strands are connected by classical four-residue 
@-turns: namely, strands I and I1 by a type I turn (residues 
12-15) and strands V I  and VI1 and strands VI11 and IX by 
type 1' turns (residues 74-77 and 106-109, respectively). 
Another five pairs of strands are joined by irregular turns 
and/or short loops of five to six residues. These comprise the 
connections between strands 11 and I11 (residues 21-25), IV 
and V (residues 51-55), V and VI (residues 62-67), X and 
XI (residues 125-130), and XI and XI1 (residues 136-141). 
In each of these cases, at least one peptide segment of the same 
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F I G U R E  1: Two stereoviews showing best fit superpositions of the backbone (N, C", C) atoms of the 32 SA structures. 
<SA> vs D: Backbone atoms 
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FIGURE 2: (A) Atomic RMS distribution of the 32 individual SA structures about the mean structure SA, together with the variation in surface 
accessibility, as a function of residue number. The filled-in circles represent the average values a t  each residue and the bars the standard deviations 
in these values. (B) Ramachandran 4, # plot for the 32 SA structures. 
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Table I :  Structural Statistics and Atomic R M S  Differences@ 

structural statistics (SA)  ( G ) r  

all (2780) 0.026 f 0.0007 0.027 
interproton distances 

interresidue sequential (li - jl = 1 )  (592) 0.027 f 0.002 0.03 1 
interresidue short range ( 1  < li - jl I 5)  (265) 0.024 f 0.003 0.025 
interresidue long range (li - jl > 5 )  (848) 0.023 f 0.002 0.024 
intraresidue (925) 0.028 f 0.002 0.027 

H-bonds ( 1  I 4)r 0.026 f 0.003 0.027 

0. I99 

RMS deviations from exptl distance restraints 

bound water (36)r 0.004 f 0.007 0.000 
R M S  deviations from exptl dihedral restraints (deg) (366)b 

F,,, (kcalmol-I)" 0.89 f 0.23 0.95 

0.190 f 0.024 
FNoE ( kcalmol-')d 56 f 3 59 

Frepl ( kcal.mol-l)d 38 f 2 57 
EL-, (kcal.mol-i)c -570 f I 1  -561 
deviations from idealized covalent geometry 

bonds (A) (2474) 0.005 f 0 0.005 
angles (deg) (4469) 1.868 f 0.002 2.109 
imorooers (den) (929) 0.523 f 0.006 0.556 

internal residues 
(140% surface accessible)' residues 2-1 5 1 

atomic R M S  differences backbone atoms all atoms backbone atoms all atoms 
- 

(SA) vs SA 0.41 f 0.04 0.82 i 0.04 0.28 i 0.03 0.49 f 0.03 
( Z ) r  vs SA 0.13 0.39 0.09 0.25 
(SA) vs ( G ) r  0.43 f 0.04 0.90 f 0.04 0.29 f 0.03 0.55 f 0.04 

"The notation of the structures is as follows: (SA) are the final 32 simulated annealing structures; is the mean structure obtained by averaging 
the coordinatcs of the individual SA structures best fitted to each other (excluding residues 1, 152, and 153); (=)r is the restrained minimized mean 
structure obtained from 5 (Nilges et al., 1988). The number of terms for the various restraints is given in parentheses. The target function that 
is minimizcd during the simulated annealing comprises quadratic harmonic potentials for covalent geometry (Le., bonds, angles, planes, and chirality 
restraints), square-well quadratic potentials for the experimental distance and torsion angle restraints, and a quartic van der Waals repulsion term for 
the nonbondcd contacts (Nilges et al., 1988). All peptide bonds were restrained to be trans with the exception of the Tyr-90-Pro-91 peptide bond, 
which was restrained to be cis on account of the observation of characteristic C'H(i)-CuH(i + 1) NOES between these two residues (Clore et al., 
1991). bNone of the structures exhibited distance violations greater than 0.3 8, or dihedral angle violations greater than 2'. eFor each backbone 
NH-CO hydrogen bond there are two restraints: rN < 2.3 A and r N 4  = 2.5-3.3 A. For each hydrogen bond between a backbone amide and a 
water molecule there are two restraints: r N H 4  5 2.5 5t and r N 4  = 2.4-3.5 A, respectively; similarly, there are two restraints for each hydrogen bond 
between a backbone carbonyl and water: rWH I 2.5 A and r ,  = 2.4-3.5 A. All hydrogen bonds involve slowly exchanging N H  protons. "The 
values of thc square-well NOE (FNOE) and torsion angle (F,or) potentials [cf. eqs 2 and 3 in Clore et al. (1986)l are calculated with force constants 
of 50 kcal-mol-'-A-2 and 200 kcalmol-i.rad-2, respectively. The value of the quartic van der Waals repulsion term Frep [cf. eq 5 in Nilges et al. 
(1988)] is calculated with a force cosntant of 4 kcalmol-'.8,-4 with the hard sphere van der Waals radius set to 0.8 times the standard values used 
in  the CHARMM empirical energy function. eEL-J is the Lennard-Jones van der Waals energy calculated with the CHARMM (Brooks et al., 1983) 
empirical energy function and is not included in the target function for simulated annealing or restrained minimization. /Internal residues are defined 
as  those with 540% of the surface of the residue in  a tripeptide Gly-X-Gly (Chothia, 1976) accessible in the calculated structures. 

Table 11: Summary of &Strands 
strand 

1 
I I  

I l l  
IV 
V 

VI 
VI1 

V l l l  
IX 
X 

XI 
XI1 

residues 
5-12 

17-22 
25-30 
40-52 
55-62 
67-74 
77-85 
99- 106 

109-1 I4 
120-1 25 
130-1 35 
143-1 51 

neighboring strands 
XII-I-IV 

11-Ill 
11-111-XI 
I-IV-v 

IV-v-VI1 I 
VI-VI1 

VI-VI1 
v-VIII-IX 

v I1 I-IX-x I I 
x I I-x-x I 

x-x 1-1 I I 
IX-XII-I 

size can be found in a data bank of high-resolution protein 
X-ray structures (Jones & Thirup, 1986) that superimposes 
upon these irregular turns and short loops within a backbone 
atomic RMS difference of less than 0.5 A. Strands I11 and 
IV are connected by an unusual 10-residue segment (residues 
30-39) that comprises a type I1 turn (residues 32-35) followed 
by 2.3 turns of a 310 helix (residues 33-39). The latter is 
characterized by four CO(i)-NH(i + 3) hydrogen bonds 
between residues 33 and 36,34 and 37,35 and 38, and 36 and 
39. (Note that the N H  protons of residues 36-39 are not 
slowly exchanging and that no hydrogen-bonding restraints 
for these hydrogen bonds were included in the calculations, 
so that their presence is solely a result of the interproton 

distance and torsion angle restraints.) Finally, strands VI1 
and VI11 are connected by a long 15-residue loop (residues 
86-100) that contains two irregular type I turns (residues 
86-89 and residues 97-100) and a type VIb turn (residues 
89-92) with a cis-proline at position 90. 

The stereoviews in Figure 3 correspond to the schematic 
representation of the topological units shown in Figure 3 of 
Clore et al. ( 1  990b) and clearly illustrate their close structural 
similarity. Also shown in Figure 3 is the location of the seven 
bound water molecules associated (i.e., 1 3  A) with the slowly 
exchanging backbone amide protons of Leu- 10, Leu- 18, 
Leu-26, Leu-60, Phe-112, Ser- 125, Asn-129, and Met- 1 30, 
all of which are not within hydrogen-bonding distance of any 
backbone or side-chain acceptor group. For slow amide proton 
exchange to occur, the water molecules must also exchange 
slowly with bulk solvent at the same rate as the NH exchange 
rate. This implies that each water molecule must be involved 
in at least two hydrogen bonds of the type NH-OH-0, where 
an N H  group donates a hydrogen bond to the oxygen atom 
of the water and an acceptor group, usually a backbone car- 
bonyl, accepts a hydrogen bond from one of the water protons. 
The identity of the acceptor group(s) can only be derived on 
the basis of the structure, and this is readily achieved by taking 
into account the known lengths of hydrogen bonds involving 
water molecules in proteins, the range of distances between 
an N H  group and an acceptor group compatible with such 
hydrogen bonds (Le., between 4 and 6 A), and the known 
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FIGURE 3: Stereoviews showing best fit superpositions of the backbone (N, Ca, C, 0) atoms and water molecules of the 32 SA structures for 
the three repeating topological units of IL-lP ( A X )  and the interface of the three units (D). Each topological unit is composed of five antiparallel 
P-strands. 

directionality of hydrogen bonds (Baker & Hubbard, 1984). the associated hydrogen-bonding restraints did not result in 
Consequently, these water molecules were only introduced in any increase in  the precision of the structure determination, 
the very last stage of the refinement procedure. It must also and the resulting atomic RMS shifts in the mean coordinate 
be stressed that the introduction of the water molecules and positions were very small (0.2 and 0.3 A for the backbone and 
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all atoms of all residues, respectively, and 0.14 and 0.18 A, 
respectively, when only internal residues with a surface ac- 
cessibility of 140% are considered). 

In topological unit A, Leu-10 N H  in strand I and Leu-18 
NH in strand I1 are close to bound water. After examination 
of the structure, it was clear that these two N H  protons had 
to be associated with different water molecules. In particular, 
WI is involved in bridging hydrogen bonds between Leu-10 
NH and Val-40 C O  (in strand IV), while W2 participates in 
bridging hydrogen bonds between Leu-18 NH and Leu-10 CO. 
In  topological unit B, the water molecule (W4) hydrogen 
bonded to Leu-60 NH can clearly donate two hydrogen bonds, 
one to the backbone carbonyl of Leu-69 in strand VI and the 
other to the backbone carbonyl of Phe-99 in strand VIII. In 
topological unit C, the bound water molecule (W5) displays 
exactly the same sort of hydrogen-bonding interactions as in 
topological unit B. In particular, W5 accepts a hydrogen bond 
from the NH of Phe-112 in strand IX and donates two hy- 
drogen bonds to the backbone carbonyls of Tle-122 in strand 
X and Thr-144 in strand XII. At the interface of the three 
units, which is formed by strands 111, VII, and IX, the water 
molecule W3 bridges the NH of Leu-26 in strand 111 and the 
backbone carbonyl of Val-I 32 in strand IX. Examination of 
Figure 3 clearly shows that these five bound water molecules 
occupy very similar spatial positions in the three topological 
units and at the interface of the three units, thereby playing 
an important role in stabilizing the structure. In this regard, 
it is noteworthy that three of the associated N H  protons, 
namely, those of Leu-IO, Leu-60, and Phe-112, are among the 
most slowly exchanging NHs in the whole protein with 
half-lives of more than 3 days (Driscoll et al., 1990b). In 
addition to these five water molecules, there are two other 
bound waters involved in stabilizing the loop between strands 
X and XI. In  particular, W7 bridges a hydrogen bond between 
the NH of Ser-125 and the CO of Met-I30 at the base of the 
loop, while W6 accepts hydrogen bonds from the NHs of 
Asn-129 and Met-130 and donates hydrogen bonds to the 
backbone carbonyls of Ala-127 and Ala-28. The latter in- 
teraction serves to stabilize the orientation of this loop with 
regard to strand 111. 

The exterior of the protein is charged and hydrophilic, while 
the interior is highly hydrophobic. Nevertheless, of the 14 most 
buried residues (surface accessibility <3%, 55 A2), seven are 
hydrophilic in nature, comprising two Cys (Cys-8 and -71), 
three Ser (Ser-70, - I  14, and -123), one Thr (Thr-124), and 
one Asp (Asp-I 2). The inaccessibility of the two Cys residues 
(which are not disulfide bridged and are separated by - 16 
A) accounts for their complete lack of reactivity toward 
sulfhydryl reagents in the native protein (Wingfield et al., 
1986). In the main, the buried hydrophilic residues are in- 
volved in hydrogen-bonding or electrostatic interactions. The 
carboxylate of Asp-I 2 (strand I) participates in three hydro- 
gen-bonding interactions with the backbone amides of Gln- 14 
and Lys-16 and the hydroxyl group of Thr-124. The first two 
hydrogen bonds serve to stabilize the turn between strands I 
and 11, while the third is important in positioning strands I 
and I1 relative to strands X and XI (Figure 1A). The S H  
group of Cys-71 (in strand VI) is hydrogen bonded to the 
hydroxyl group of Ser-114 (in strand IX), the hydroxyl group 
of Ser-70 (strand VI) is hydrogen bonded to the carboxylate 
side chain of Glu-83 in the adjacent strand (strand VII), and 
in strand X the hydroxyl group of Ser- 123 is hydrogen bonded 
to the backbone carbonyl of Tyr- 12 1. 

The packing of some of the internal residues with respect 
to one another, as well as the excellent definition of internal 
side chains, is illustrated in Figure 4. Hydrophobic inter- 
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actions are crucial in tethering the external strands, turns, and 
loops to the barrel. For example, residues 71-80, which 
comprise the end of strand VI and the beginning of strand VII, 
together with the type I' turn between them, appear to be 
highly exposed to solvent (Figure lB), yet their orientation 
with respect to the core of the protein is stabilized by numerous 
interactions involving strands VII, IX, X, and XI, as well as 
the loop connecting strands IX and X (Figure 4A). Thus, the 
buried Cys-7 1 is in close proximity to Leu- 134 in strand XI, 
Leu-73 and Pro-78 interact with Phe-117, which is located in 
the loop between strands IX and X, and Leu-80 is close to 
Ile-122 in strand X. Further, Pro-78 is sandwiched between 
Phe-117 and Trp-120 (Figure 4A), which not only accounts 
for the extreme upfield shift of the 'H resonances of Pro-78 
(Clore et al., 1990a) but is also important in fixing the position 
of the connecting loop between strands X and XI (residues 
115-120). In addition, the position of the exposed turn com- 
prising residues 74-77 is stabilized by an electrostatic inter- 
action between the NN3+ of Lys-74 and the amino group of 
Gln-81 in strand VII. Another highly exposed loop is that 
between strands XI and XI1 (residues 136-141; Figure 1A). 
In this case Trp-120 in strand X is closely packed against 
Gly-135 and -136, and there is a salt bridge between Lys-138 
and Glu-1 1 1 (strand IX). In addition, the beginning of strand 
XI1 is tethered by hydrophobic interactions between Ile-143, 
Ser-13 (strand I), and Thr-124 (strand X), and between 
Thr-144 and Tyr-121 (strand X), and by an electrostatic in- 
teraction between the side chains of Asp-145 and Ser-13. 

A similar dense network of interactions is found for the other 
loops. For example, the connecting segment between strands 
111 and IV (residues 30-39) is stabilized by hydrophobic in- 
teractions between Leu-31 and residues in strands I1 (Val-19) 
and 111 (Leu-29), and the 310 helix (residues 33-39) is further 
stabilized by an electrostatic interaction between the side-chain 
carboxylate of Asp-35 and the amino group of Gln-38. The 
short loop (residues 51-56) between strands IV and V is 
stabilized by hydrophobic interactions with residues on strand 
VIII: namely, between the aliphatic portion of the side chain 
of Lys-53 and Ile-104 and between Ile-56 and the aliphatic 
portion of the side chain of Lys-103. The short loop between 
strands V and VI (residues 62-67) is stabilized by hydrophobic 
interactions between Leu-62, Leu-67, and residues in strands 
111 (Tyr-24, Leu-26), IV (Val-40, Phe-42), and VI1 (Leu-80) 
(Figure 4A,C). 

In the case of the long loop between strands VI1 and VIII 
(residues 86-loo), Val-85, Tyr-90, and Phe-99 are close to 
Tyr-68 in strand VI (Figure 4A,C), Met-95 is close to hy- 
drophobic residues in strands IV (Val-47) and V (Ala-59), 
there is a potential electrostatic interaction between the side 
chain of Asn-66 (strand VI) and the backbone nitrogen atom 
of Pro-87, and finally there is a backbone hydrogen bond 
between the N H  of Gln-48 (strand IV) and the carbonyl 
oxygen of Lys-93. In addition, some of the local features such 
as the two type 1 turns are stabilized by short-range electro- 
static interactions, in particular between the side chains of 
Asp-86 and Asn-89 and between Glu-96 and Arg-98. 

The short loop between strands X and XI (residues 
125- I 30) displays two side-chain-side-chain electrostatic in- 
teractions with residues on strand 111, namely, between Glu- 
128 and His-30 and between Asn-129 and Lys-27. In this 
regard it is interesting to note that although His-30 is exposed 
to solvent (cf. Figure 2A), it displays a high pK of 7.5 (Gro- 
nenborn et al., 1986), which can be attributed to its interaction 
with the negatively charged carboxylate of Glu-128. 

Comparison with the X-ray Structure. At approximately 
the same time as the sequential assignments and secondary 
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FIGURE 4: Stereoviews showing best fit superpositions of all atoms (excluding protons) of the 32 SA structures for three selected segments 
of IL-ID. 

structure determination of IL-1P were published (Driscoll et 
al., 1990a,b), two refined X-ray structures of IL-IP at 2-A 
resolution were determined by two groups independently 
(Finzel et al., 1989; Priestle et al., 1989). A detailed com- 
parison with the X-ray structures will be published elsewhere, 
so that only a brief overview is presented here. The atomic 
RMS difference between the restrained minimized average 
NMR structure (G)r and the X-ray structure of Finzel et 
al. (1989) is 0.85 A for the backbone atoms and 1.3 8, for all 
atoms. When only internal residues (140% surface accessi- 
bility) are considered, these values drop to 0.68 and 1 .O A, 
respectively. The most significant structural difference lies 
in the distance from the tip of the loop (residues 32-36) 
connecting strands 111 and IV to strands I and XII, which is 
about 1 A less in the case of the X-ray structure than of the 
NMR one. This difference can be attributed to a hinge motion 
about residues 31 and 36 and is in all likelihood due to in- 
termolecular crystal packing contacts in this region (Finzel 
et al., 1989). 

Relationship of Structure to Function. At the present time 
a number of mutational and chemical modification studies on 
IL-16 have been published and the receptor binding and/or 
biological activity characterized. With the solution NMR 
structure in hand, some of these results can be interpreted in 
structural terms. 

Several lines of evidence indicate that the large concave face 
of the molecule formed by residues 19-27 (strands I1 to HI), 
70-84 (strands VI and VII), and 121-142 (strand X to the 
beginning of strand XII) is not involved in receptor binding. 
This face is located at the “back” of the molecule on the 
opposite side to the front end of the &barrel (i.e., at the back 
of Figure 1A). First, mutations of Tyr-24 - Phe, Lys-27 - 
Cys, Trp- 1 20/Tyr- 1 21 - Phe/Phe, and Lys- 1 38 - Cys have 
no effect on receptor binding (MacDonald et al., 1986; 
Wingfield et al., 1989). Second, derivatization of the Lys-77 - Cys mutant with an -60-kDa biotinstreptavidin complex 
through the surface-accessible SH group has no effect on 
receptor binding (A. Chollet and P. T. Wingfield, unpublished 
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receptor reveals three immunoglobulin-like domains, all of 
which may be required for receptor binding and/or biological 
activity (Sims & Dower, 1990). This suggests that each do- 
main of the receptor may bind to one of the three postulated 
receptor-binding sites on IL-IP and, in the light of the mu- 
tational data, leads one to speculate that the first site con- 
tributes most of the binding energy, while the second and third 
sites may play a role in signal transduction, internalization of 
the IL-I@-IL-1 receptor complex, and cellular and nuclear 
targeting. 
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ABSTRACT: We report details on measurements by the X-ray absorption fine structure (XAFS) technique 
of the conformational changes around the transition metal binding site ( S l )  of the protein concanavalin 
A induced by crystallization when that site is occupied by Zn. A change from hexa- to tetracoordination 
occurs at the S1 site on crystallization when the calcium-binding site (S2) is occupied by a calcium atom. 
When the S2  site is unoccupied, the Zn is pentacoordinated both in solution and in the crystal. The average 
distance to the coordination shell increases with coordination number as expected. Conformational changes 
are detected up to 4.5 A from the Zn, the limit of sensitivity of the XAFS technique. When the Zn is 
hexacoordinated, the ligands around the Zn, as determined by XAFS, are consistent with the crystal structure 
determination results of five oxygens and one nitrogen. The atom that is released when the coordination 
decreases to five is an oxygen atom, and, in addition, the nitrogen is released in the tetracoordinated Zn. 
Thus, when S2 is emptied, the protein gains a ligand about the Zn site in the crystal and loses one in solution. 
These results provide direct evidence that the protein conformation can be altered by the intermolecular 
forces of crystallization. 

%e foundation of our understanding of the mechanism of 
the functioning of proteins is knowledge of their structure, and 
almost all of the information on protein structure has come 
from X-ray diffraction studies on the crystalline state. Re- 
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*University of Washington. 
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cently we reported structural differences in the protein con- 
canavalin A between its solution and crystal forms (Lin et al., 
1990). This finding raises once more the question of how 
generally one can relate the crystalline structure of proteins 
to their behavior in solution. Although our recent XAFS work 
is the first that directly compared the structure of a protein 
in a crystal and in solution by the same technique, there have 
been other indications of structural differences in proteins 
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